In order to make a comparison of how starbursts are triggered and evolve in different environments, we have begun a near-infrared emission-line survey of interacting and isolated galaxies. As part of this study we have observed NGC 4536 and obtained an image of the molecular hydrogen 1-0 S(I) line (time and weather constraints prevented us from also obtaining a Bry image), which is typically the strongest easily measurable H2 transition in galaxies where star formation is occurring. There are two main ways in which H2
can be excited (Mouri 1994) : first, by collisions in molecular clouds that have been heated by X-rays or, primarily, shocks from supernova remnants, and as a direct result of galaxy interactions; secondly, by UV fluorescence around Hn regions by non-ionizing photons from DB stars. Alternatively, the molecules may form in an already excited state, a process known as formation pumping (Mouri & Taniguchi 1995) . In principle, these two processes can be distinguished by their respective emission-line ratios, but this can be quite ambiguous (see, for example, work on NGC 6240; Sugai et al. 1997 , and references therein), especially if more than one process is occurring.
NGC 4536 is a barred spiral galaxy [SAB(rs)bc] in the Virgo cluster at a distance of 36 Mpc (Ho=50 km S-I Mpc-I ). It has an infrared luminosity (8-1000 11m) of 3 x 1010 L o ' typical of galaxies where vigorous nuclear star formation has been triggered by a bar rather than by interaction (e.g. Sanders & Mirabel 1996) . An indication of whether this is confined to the nucleus can be given by the compactness, ce, of the 1O-1lill emission, since this is believed to be produced by warm dust (typically 200-300 K) heated by young stars. ce is defined as the ratio of small-to large-aperture 10-llm fluxes. Taking a 5.7-arcsec-aperture 1O-1lill flux (Rieke & Lebofsky 1978) and the lRAS 12-llm flux (colour-corrected according to the precepts of Dever-(1989) , although the most intense star formation is occurring in the nuclear region. The morphology of the radio continuum (Vila et al. 1990 ) and 10.8-l1m emission (Telesco, Dressel & Wolstencroft 1993) , together with evidence for solid-body rotation in the inner regions (Manasiev, Sil-'chenko & Zasov 1989) , suggest that there is a circumnuclear ring about 1 kpc across.
In this paper we consider the morphology and possible excitation mechanisms of the H2 emission in NGC 4536, with reference to the evolutionary phase of the star formation. In Section 3 we present our data, and the flux calibrations are described in Section 4. Section 5 deals with the H2 excitation mechanisms. We discuss the possibility that there are two starbursts at different evolutionary stages in Section 6, and consider whether fuelling them at different times is feasible in Section 7. Finally, we present our conclusions in Section 8.
DATA REDUCTION
Images of the 2-1lID continuum and the H2 v = 1-0 S(l) emission line were obtained on the UKIRT 4-m telescope in 1995 March. A Fabry-Perot etalon (FP), with a spectral resolution of 350 km s-r, was used in conjunction with IRCAM3, at the Cassegrain focus. IRCAM3 is a nearinfrared camera which houses a 256 x 256 InSb array with a scale of 0.3 arcsec per pixel, giving an unvignetted field of view of more than 60 arcsec. A cooled narrow-band filter (FWHM 2.5 per cent) was used for order sorting, and wavelength calibration was achieved by peaking up on the 2.1171-1lID line from a krypton arc lamp.
The observations were carried out as follows. For each line, 3-min observations of the object were made at the online wavelength, and also of the continuum at slightly shorter and longer wavelengths (shifted with respect to the line centre by -700 and + 1200 km S-I). Sky frames were also made at each of the three wavelengths. This was repeated until sufficient on-line integration had been achieved. lRAF was used for all the image processing and analysis, which are described below. Flat-fields were made for each wavelength setting from bias-subtracted sky frames. These were then divided into the object frames after the corresponding sky frame had been subtracted. Frames were registered on the peak emission from galaxy, and then coadded. The resulting frames for two continuum and one online position were calibrated relative to the standard star HR 4805, an AO star which shows no spectral features at the wavelengths used. Thus the effects of both atmospheric and filter transmission are compensated for at the same time as flux calibration. During calibration, we made no correction for the internal velocity dispersion, as we expect this to be small (e.g., high-resolution spectroscopy of Bry in NGC 253 by Puxley & Brand 1995 show that it has a velocity width < 150 km S-I). Further, Manasiev et al. (1989) found that the large-scale velocity varied by ± ~ 50 km S -1 in the inner 11 arcsec. Thus the full extent of the linewidth is significantly narrower than the transmission band of the FP, and we can assume it to be unresolved.
The continuum frames, weighted according to their respective shifts, were then averaged and subtracted from the on-line frame to leave an image of just the line emission. The total on-line integration time was 24 min, with 12 min at each of the continuum wavelengths. The spatial resolution, including the effects of seeing and wind shake, was determined from the FWHM profile of the standard star to be 1.6 arcsec. In order to give an idea of this size with respect to the galaxy, it has been shown as the effective seeing in each figure, represented by a circle.
MORPHOLOGY
The 2-1lID continuum in Fig. 1 clearly shows a bright nucleus with elliptical isophotes extending to approximately 28 x 14 arcsec 2 and a bar-like extension, or possibly part of a spiral arm, to the south-east. Note that the outer contours are extremely faint compared to the nucleus, only a few per cent ofthe peak flux. Fig. 2 shows that in the outer region imaged 0-~ .. Vila et al. (1990) at a similar resolution and scale; at this frequency the nucleus is weaker than the outer peaks. here, where the semimajor axis is a;C; 4 arcsec, both the ellipticity and position angle (PA) are constant with values e =0.47 ±0.03 and e = 126°±2°. The inner region, a;$4 arcsec, hosts a very bright, partially resolved nucleus with a FWHM of 3.0 arcsec. Since the spatial resolution is about 1.6 arcsec, we can apply a quadrature correction to yield a smaller upper limit to the nuclear size of 2.5 arcsec, or 440 pc at the adopted distance of the galaxy of 36 Mpc. Note that although the nucleus appears to be slightly elongated, this is an effect of a strong wind during the observations which was responsible for the reduced spatial resolution and the asymmetrical (e =0.13±0.02 and e = 100° ± 5°) shape of the point -spread function. The 1-0 S(l) line emission has a very different morphology. The extended emission has been detected within a region about 12 x 8 arcsec 2 at a similar position angle to the continuum. Although a bright nucleus is still apparent, it is not so marked as for the continuum, and two minor peaks lie along the major axis about 6.7 arcsec apart on either side. These correspond well with the peaks shown in the radio maps at 20 and 6 cm by Vila et al. (1990) (beamsize approximately 1.3 arcsec), marked by the dark crosses in Fig. 1 . The spatial resolution and signal-to-noise ratio are not sufficient to allow us to see the north-west extension as a distinct peak, perhaps because it is more extended as in the radio maps.
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PHOTOMETRY
Values of the near-infrared continuum from the literature (Devereux, Beckline & Scoville 1987; Mizutani, Suko & Maihara 1989) compare well with our measurements in similar apertures. We estimate that the total flux density at 2.2 ~ will not be much greater than 210 mJy (in a 40-arcsec aperture), with errors dominated by the uncertainties in calibration which may be around 10 per cent. Almost exactly half of this originates from within 4 arcsec of the nucleus.
Our derived values for the 1-0 S(l) line flux are smaller than, but consistent with, those of Puxley, Hawarden & Mountain (1988) . The total flux, measured in a 20-arcsec aperture, is (2.36±0.05) x 10-17 W m-2 •
We now make an estimate of the extinction towards NGC 4536 by combining several observations from the literature. Puxley et al. (1988) measured the Bry flux in a 19.6-arcsec aperture 8.4 x 10-17 W m-2 • Assuming that the spatial extent of the Bry emission is not too dissimilar to that of the S(l) line or near-infrared continuum, we can take this to be the total flux. Keel (1983) measured the HIX flux in a 4.7-arcsec aperture as 18.6 x 10-17 W m -2, and we can estimate the total flux using the result from Pogge (1989) that for this line the ratio F DucleaJF,olal = 0.39. Adopting an intrinsic ratio of Hct/Bry = 103.6 (Osterbrock 1989) , we can derive, using the Galactic extinction curve of Howarth (1983) , a visual extinction ofA v =5.1, and hence a near-infrared extinction of A K = 0.53. Thus we estimate the unobscured S(l) line flux to be 3.9 x 10-17 W m-2 •
EXCITATION MECHANISMS
A variety of processes could be responsible for the S(l) emission, and we consider each one in tum, beginning with supernova remnants, to see whether it is possible to deduce the dominant process by elimination. Vila et al. (1990) found radio-continuum flux densities of 60.6 mJy at 6 cm (integrated over 22.0 x 19.0 arcsec 2 ) and 128.4 mJy at 20 cm (21.5 x 20.2 arcsec 2 ), deriving a spectral index ct = 0.6 (Fvocv -.). This is consistent with purely non-thermal synchrotron emission in supernova shocks, although there must be at least a small thermal (free-free) component associated with the Bry emission in Hn regions. The following calculation investigates whether the S(l) emission can be attributed entirely to supernovae. We can correct the Bry flux measured by Puxley et al. (1988) for extinction to give 13.7 x 10-17 W m-2 , from which it is possible to find the thermal radio continuum. For this we use a relation taken from Ho, Beck & Turner (1990) S20cm (mJy) =40.7 SB,.(1O-15 W m-2 ) and an intrinsic ratio Brct/Bry = 2.82, yielding SZOcrn = 18.3 mJy. The non-thermal continuum is thus 109.8 mJy, allowing us to establish the supernova rate (Condon & Yin 1990) LNT(W Hz-l)~1.3 x 1023(v/1 GHz)-o.s v as 0.08 yr-l.
Typically a Type II supernova will release 10 51 erg in kinetic energy, of which about 5 per cent will be in cloud motions when these motions have slowed to the mean velo-city of interstellar clouds (Chevalier 1977) ; although some H2 emission almost certainly occurs earlier, for example, by formation pumping behind fast J -shocks where v ~ 100 kIn S-l (Hollenbach & McKee 1989) , we take this to approximate the regime where H2 cooling is most important. We must then estimate the fraction e of this energy dissipated in the shock that is radiated in the 1-0 S(l) line. When modelling magnetohydrodynamic shock waves in molecular clouds, Draine, Roberge & Dalgarno (1983) found that Ctype shocks are responsible for the S(1) emission, and that the efficiency in such shocks reached a maximum of e ~0.02 for 30;:5 v ;:5 50 kIn S -1. This was the conclusion reached by Burton et al. (1990) for IC 433, one of the best studied supernova remnants. Their result of fitting seven different models was that a combination of high-and low-velocity Ctype shocks best explained the observed line ratios, with the fast C shocks being responsible for the S(l) emission. However, Burton et al. were dissatisfied with having to invoke two shock speeds and, by relaxing certain theoretical assumptions, they showed that a partially dissociativeJ-type shock with speed 5;:5 v ;:525 kIn S-l provided a good fit to the data. For such a model the efficiency of S(l) production is e ~ 1/30. Thus we conclude that approximately 0.1 per cent of the kinetic energy of the supernova is radiated by the 1-0 S(l) line, and predict a flux of 4 x 10-17 W m-2 . This is very similar to our measurement of the dereddened flux, and suggests that supernovae could be one of the primcry contributors to the H2 emission.
Shock-excited S(l) emission would also be expected from a system in which cloud collisions were occurring, and could be identified if there was a region of S(l) emission with no associated continuum. The two outer peaks fit this criterion, as the continuum in these positions could simply be due to the underlying galaxy rather than new star formation. The bright H2 points may then represent locations where material fed in by a bar interacts with that in orbit at the circumnuclear ring (see Sections 6 and 7). In this case, cloud-cloud collisions might give rise directly to H2 emission. However, the detection of 10-!lffi emission by Telesco et al. (1993) in a spatially correlated region implies there is hot dust present, from which we infer the presence of young stars. It is therefore also possible that star formation has been induced by the enhanced cloud-collision rate in these regions, and fluorescence from young stars contributes to the H2 excitation. These mechanisms would be associated with 1-0 S(l) emission that is concentrated at only the two regions where the bar meets the ring. In contrast, recent star formation throughout the ring would lead us to expect line emission from UV fluorescence (see below) evenly distributed around it. Currently, we cannot discriminate between these.
Another possibility is X-ray irradiation of molecular clouds. Lepp & McCray (1983) found, using an isobaric model, that for an X-ray source with strong UV continuum about 0.25 per cent of the X-ray luminosity would be converted into 1-0 S(l) emission. At this point the temperature would have fallen below 500 K so that no more emission from the v = 1-0 band would be possible. Fabbiano, Kim & Trinchieri (1992) measured an Einstein count rate of 0.017 count S-l in a region 210 arcsec across. Assuming the presence of only a Galactic absorbing column, N H = 1.8 X 1020 cm -2, this converts to a luminosity in the © 1997 RAS, MNRAS 291,314-320 H2 emission in the starburst galaxy NGC 4536 317 0.16-3.5 keY band of 10gLx(W) =33.6 for a RayrnondSmith thermal plasma model, as expected for supernova remnants. Assuming a power-law model with photon index r = 1. 7, suitable for emission from massive X-ray binaries, makes less than a factor of 2 difference; increasing the absorption by an order of magnitude also has little effect. Energetically soft X-ray heating is therefore insufficient to account for more than a small fraction of the total S(l) flux. One must note, however, that the presence of a very highly obscured Seyfert nucleus, such as that found in NGC 4945 by Done, Madejski & Smith (1996) , would change this conclusion.
We should also consider UV fluorescence. The S(l)/Bry ratio has been modelled by Puxley, Hawarden & Mountain (1990) , and they give the ratio for NGC 4536 as S(l)/ Bry = 0.67. If fluorescence is the only mechanism involved, such a high ratio implies that for conditions typical of a starburst region (for example, a gas density of 103 crn-3 in the photodissociation region), each ionizing star has its own H II region surrounded by H2 clouds; i.e., the starbust is not compact. However, even if we assume that fluorescence is an important process in this galaxy, it is not clear, given the discussion above and that the spectra were taken through a large aperture at relatively low resolution, that it should be so everywhere. A quite feasible scenario might involve a lower S(l)/Bry ratio for the fluorescent S(l) emission together with a significant contribution to the total line emission from supernova driven shocks, in which case compact star clusters become a possibility. Telesco et al. (1993) hypothesized that there are two starburst regions in NGC 4536: the nuclear region and a circumnuclear ring with a diameter of 6-7 arcsec (750 pc). Given that the inclination of the galaxy is ~65°, such a ring lying in the plane of the galaxy would appear to be close to edge-on, and oriented along the major axis at PA = 1300 as seen in the observations. The isophotes of the 1-0 S(l) line are broader than might be expected for an edge-on ring, and suggest that the ring may be tilted slightly with respect to the line of sight. The solid-body rotation occurring in the central 11 arcsec oriented along the major axis (Afanasievet al. 1989) supports the interpretation of the inner morphology as an edge-on ring rather than two outflows. We now discuss the morphology of the emission regions with regard to this, considering the respective ages of the two postulated starbursts.
STARBURST PHASES
It is immediately clear from the fluxes [F s(1)] and equivalent widths [WS(l)] of the S(l) line on each of the peaks shown in Table 1 that the ring and nucleus are different. At Table 1 . 1-0 S(I) flux and equivalent width. the nucleus, in a 3-arcsec aperture we find a flux that is nearly twice as large as either of the adjoining peaks, yet WS(l) is almost a factor of 2 less. In order to investigate the origin of the near-infrared lines, we require some information on the strength of the Bry line. Only two Bry fluxes have been published: in a 5.4 x 7.3 arcsec 2 aperture (Mizutani et al. 1989 ) and in a 19.6-arcsec aperture (Puxley et al. 1988) . While neither of these is small enough to allow us to probe the nuclear region well, they do show that the S(1)/ Bry ratio is approximately the same in both regions, and hence that the Bry is not strongly peaked, whereas the continuum is significantly brighter at the nucleus. This is substantiated by the RIX map of Pogge (1989) in which the strongest line-emitting region is several arcseconds to the north-west of the continuum nucleus. While this distribution may be affected by variations in obscuration across the inner region, it does imply that ionization is most prevalent in regions surrounding the nucleus. We also note that the strongest region of 1O.8-/lID emission detected by Telesco et al. (1993) at a resolution of 4.5 arcsec is to the north-west. The simplest explanation for these differences is that the nuclear and circumnuclear starbursts are at different phases of evolution. The near-infrared continuum traces mainly the evolved giant stars, and therefore indicates that the largest population of these is at the nucleus. The S(1) emission here is produced by supernovae and young OB stars, and shows that these can be found in both the nucleus and the ring. The RIX emission traces mainly OB stars, and indicates that probably most of these are in the ring. We conclude-that the nucleus hosts an evolved starburst in which the overall emission is dominated by supernova remnants and giant stars, whereas the starburst in the ring is at an earlier stage of evolution in which OB stars are also present. Inspection of the radio maps (Vila et al. 1990 ) tends to support this hypothesis. Although the spectral index for the integrated radio continuum of the galaxy is IX = 0.6, the contours suggest that in the nucleus IX = 0.6, while in the adjacent peaks IX = 0.3. A steep spectral index (IX ~ 0.8) can be taken as evidence of synchrotron emission from supernova remnants, whereas a flatter slope (IX ~0.1) is more typical of free-free emission associated with ionized nebulae. The difference between the nuclear and ring regions is diluted to some extent by the superposition of ring and nucleus, and an apparent spectral index of IX = 0.3 can be achieved simply by adding contributions from both of these processes.
BAR-INDUCED GAS INFLOW
We now discuss whether this hypothesis is feasible by considering the dynamics of the gas required to fuel the star formation. It is well understood that barred potentials act so as to drive disc gas inwards (Binney & Tremaine 1987) , and so we must ask how close to the nucleus this inflow will reach. radius radius For a weak bar we may use the epicyclic approximation for stellar orbits, i.e., the superposition of a prograde circular orbit with angular velocity Q(r) and a retrograde elliptical orbit with frequency K where K 2 =rd!f/dr + 4Q2. In an inertial frame the motion of these orbits will form unclosed rosettes. Inner Lindblad resonances (ILRs) will occur where, in the frame rotating with the bar whose angular velocity is ~, these orbits close up, i.e., where K=2(Q-~). We thus find ILRs where ~=Q-K/2, and gas inflow will cease at the radius where this criterion is satisfied; otherwise inflow will continue into the nucleus or as far as the bar extends. In order to satisfy the criterion for ILRs, there must be sufficient mass in the nucleus so Q -K/2 can exceed the rotation speed of the bar. It is reasonable to suppose that when a bar first forms this may not be the case; if the bar is considered to be a quasistationary wave (Combes et al. 1995) , then indeed this cannot be the case. Therefore, to observe circumnuclear star formation in a ring, the nuclear mass must have been built up after bar formation by the induced gas inflow.
To illustrate this point, we have made a simple model of a galaxy rotation curve. Manasiev et al. (1989) have measured the angular rotation velocity in the inner parts of spiral galaxies, and found for NGC 4536 that there is solidbody rotation in the central 11 arcsec, with a maximum velocity in this region of 160 km S-I. We have therefore 
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H2 emission in the starburst galaxy NGC 4536 319 conjectured that when the bar first forms (Fig. 3a) , there is solid-body rotation out to a radius r 0 with maximum velocity Vo; then after some time when bar-induced gas infall has increased the central mass by perhaps a factor of 2, the maximum velocity is VI = .j2vo (Fig. 4a) . The details of the rotation curve shape are not important; what matters is that in the central regions the gradient of Q is zero and at some point it begins to fall.
When we look at the curves in Fig. 3(b) , we see that at every point Q -K/2 <~, so that infall continues into the nucleus. However, when the nuclear mass has increased sufficiently, as in Fig. 4(b) , we find that near r 0 the ILR criterion is satisfied, so that infall is stopped and circumnuclear star formation can be fuelled instead.
CONCLUSIONS
We have presented images of the 2-!.lm continuum and v = 1-0 S(I) molecular hydrogen line of the central 40 arcsec of NGC 4536. The continuum has a prominent nucleus and shows evidence for a bar; the S(I) emission is strongest at the nucleus, but also has subsidiary peaks on either side which may be due to a ring of emission seen edge-on. The three peaks coincide with peaks observed in the radio continuum.
radius ILR °b ------------------------------on ~-iC72------------------radius We have considered several excitation mechanisms for the S(1) emission, and conclude that both shocks driven by supernova remnants and fluorescence from OB stars are important. Shocks in cloud collisions may also contribute to the extended H2 regions. The spatial distribution of the near-infrared continuum and S(1) emission, together with those of the radio continuum, lO-f.!m emission, and Hoc taken from the literature, suggest that the nuclear emission is mostly from an evolved stellar population, while the circumnuclear ring is dominated by young stars. Thus the two starbursts are at different stages of evolution: the nuclear burst has finished, while the ring is still active.
We have considered whether this hypothesis is feasible from the point of view of bar-induced gas inflow. If there are no ILRs when the bar forms, gas will flow into the nucleus. Then, as the central mass increases, the angular velocity of the inner rotation curve increases so that ILRs can form. Thus star formation is expected to occur later at the ILRs, as is observed.
